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Cooperativity is seen in enzymes and receptors which describes that the binding affinity in one
binding event can be affected by the previous binding event on the same protein. The cooperative
behavior is also widely found in the macromolecular system, say the coil to helix transition of
polypeptides and the supramolecular self-assembly of proteins and synthetic molecules.
Theoretical models concerning the coil to helix transition of polypeptides and the cooperative
supramolecular polymerization are well developed. In particular, various kinetic models for
supramolecular polymerization based on homogeneous nucleation and heterogeneous nucleation
have been developed since the discovery of the cooperative assembly behavior in actin
polymerization by Oosawa about 50 years ago. In contrast, there is no systematic investigation on
the kinetic modelling of cooperative covalent polymerization. The reason might be that the study
of the cooperative behavior in covalent polymerization is still in the nascent stage. Herein, we’ll
first focus on using the traditional homogeneous and heterogeneous nucleation controlled growth
model to analyze the kinetic behavior of a complex supramolecular self-assembly system coupled
with a chemical reaction. For the rest, we’ll focus on the establishment of new kinetic models for
the cooperative covalent polymerization of N-carboxyanhydrides (NCA) we recently found. An
irreversible kinetic model was first adapted from the homogeneous nucleation induced growth
model and was found to be able to correctly account for the two-stage kinetic curves. But to
correctly account for both the kinetic curves and the molecular weight distribution, a reversible
binding process of the monomers (Michaelis-Menten kinetics) need to be incorporated into the
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first model. Then a series of kinetic models with competing pathways were designed to address
the competing reactions of NCA with various initiators in emulsion polymerization. Lastly, we
examined the assumptions of fixed nucleus size and equal reactivity by treating the coil-helix
transition with the zipper model and proposing one possible way of treating decaying rate constant.
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Chapter 1 Introduction of the nucleation induced
cooperative behavior
1.1 Definition of nucleation induced cooperative behavior
Cooperative behavior is widely found in the biological system such as the binding of oxygen by
hemoglobin[1], the folding of polypeptides[2-7], the supramolecular self-assembly of proteins[8-16]
and synthetic small molecules and macromolecules[17-20] and the covalent reactions[21-24].
Cooperative behavior is a concept that’s in contrast to isodesmic behavior. In the isodesmic
polymerization, the addition of a monomer to the growing chain end will result in the same
change in free energy regardless of the degree of polymerization of the growing chain (Figure
1a)[17]. A representative example is the step condensation of polyester. In the typical cooperative
behavior, the process can be separated into at least two distinct stages. The first stage is
isodesmic with a constant ΔGn for each step and a usually constant rate constant k1 from the
aspect of kinetics. The process continues until a critical event happens that makes the change of
free energy changes to be ΔGe for each following step (Figure 1 b,c)[17]. If ΔGe < ΔGn, the
process will be more likely to happen and the rate constant k2 in the second stage will usually be
greater than k1 in the first stage. This is called a cooperative process. If ΔGe > ΔGn, the process
will be less likely to happen and the rate constant k2 will usually be smaller than k1. This is called
an anti-cooperative process. The critical event that separates the process into two-stages is
usually called nucleation. The nucleation behavior varies in different systems. It could be the
formation of the first helical turn in the coil-helix transition of polypeptides[2, 25], the multicontacts with neighbors achieved in the helical turn of supramolecular polymerization[20] or the
change in conformation or electrostatic interactions in the covalent polymerization[21]. The
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common characteristic of these nucleation events is that they can change ΔG either enthalpically
or entropically.

Figure 1. Schematic energy diagram for isodesmic (a) and cooperative (b, c) polymerization.

1.2 Nucleation controlled coil-helix transition in the folding of polypeptides
Numerous polypeptide chains, synthesized chemically or biologically, can reversibly transform
between α-helical and randomly coiled forms in solution, upon changing solution parameters
such as temperature, solvent composition, or pH[26-35]. The transition between coil state and helix
state is found to follow the nucleation induced cooperative behavior thermodynamically which
means a small external variation could possibly trigger a dramatic structural change (Figure 2A).
The mechanism behind this is that the formation of the first intramolecular hydrogen bond
between the ith and i+4th residue requires six rotation angles to be immobilized at particular
positions but the formation of additional hydrogen bonds in the helix sequence only needs two
rotation bonds to be fixed (Figure 2B). That’s to say, the formation of the first helical turn is
hard but the propagation of helices is easy.

2

Figure 2. Cooperative folding behavior in polypeptide. | a Solution parameters could induce changes in helicity. b
The initiation of the helix formation involves the immobilization of six bonds while the propagation only involves
two.

The sharpness or cooperativity of this helix–coil transition depends on the length, sequence, and
interactions of the polypeptide chains[3]. The statistical mechanics describing the helix–coil
transition of polypeptides were developed by Schellman[25], Gibbs[6], Zimm[4, 36], Lifson[37], and
Nagai[5], mostly in the 1950s and 1960s. There have been many applications of the theory in both
biological and synthetic macromolecules in the last half century, as well as in the context of
supramolecular polymers[2, 38, 39]. The theory of helix–coil transition is thus regarded as one of the
most elegant and thoroughly examined areas of polymer physical chemistry. Here we’ll introduce
the zipper model developed by Schellman.
Zipper model assumes that each residue can exist in one of two possible conformations, helix (H)
and coil (C) and all the helical sequence (H) occur contiguously in a single region. For example,
in Zipper model, polypeptide chains can exist as --HHHHHHCCCCCC---, or --CCCCCCHHHHHHCCCCC--- since all helical sequences are linked contiguously while --HHHHHCCCCCHHHHH--- is forbidden since the helical sequence is broken in the middle. Then
two thermodynamic parameters, σ and s are defined to describe the helix-coil transition. s is the
equilibrium constant for the propagation of the helical sequence or the equilibrium constant for
3

making a new H unit at the end of another H unit (Eq. 1). σs (σ≪ 1) is the equilibrium constant
for the initiation or the equilibrium constant of making a new H unit at the end of C unit (Eq. 2).
1

2
Using the two equilibrium constants defined above, the partition function can be constructed. For
a chain of n units,

3

Where (n-k+1) is the number of ways of putting contiguous k helical units in a chain of n
residues. By expanding the summation, equation 3 can be written as,
4
Then the fractional helicity θ can be obtained from the partition function above,

5

The Zipper model is found to be able to describe the helix-coil transition of short linear
polypeptides[3]. We’ll use it to treat the helix-coil transition behavior of poly(γ-benzyl-l-glutamate)
(PBLG) in DCM in chapter 6.

1.3 Nucleation controlled cooperative supramolecular polymerization
The term of “cooperative supramolecular polymerization” has been widely used to describe the
nucleation-controlled chain growth mechanism in supramolecular polymerization, e.g., self-
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assembly of protein or synthetic subunits into linear supramolecular structures through reversible
and non-covalent interactions[15,

17, 40]

. In such a nucleation-controlled process, an isodesmic

polymerization often occurs first with an association constant K1, until a nucleus of degree of
polymerization s is formed. Subsequently, the addition of a monomer onto the supramolecular
structure occurs with an association constant K2 that is higher than K1, due to the system-specific
cooperative effect such as the formation of helix or tubular structures (structural effects), or by the
long-range electrostatic interaction (electronic effects). The kinetics of cooperative supramolecular
polymerization is characteristic by the growth of the supramolecular polymers in two distinct
stages accordingly (Scheme 1): a slow, rate-limiting nucleation process in the beginning, followed
by a fast chain propagation process. Oosawa[15,

40]

was the first person who recognized the

accelerated polymerization of actin and flagellin is a cooperative phenomenon similar to the
condensation or crystallization phenomena, and proposed the first thermodynamics and kinetics
treatment on the cooperative supramolecular polymerization. After that, various proteins[10, 13, 14,
16, 41-44]

, amyloid peptides[9, 45], and synthetic molecules[17] and macromolecules[19] have been found

to follow the similar nucleation-controlled mechanism in their aggregation processes. Profound
progress has also been made in expanding the theoretic framework of cooperative polymerization,
for example, to consider possible secondary pathways including heterogeneous nucleation and
fragmentation[8], and to obtain the numerical or analytic solutions[46, 47] to accurately describe the
kinetic profiles under multiple, competing reaction pathways.
Scheme 1. The kinetic model for cooperative supramolecular polymerization
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Recently, a considerable effort has been made on exploring the dynamic behaviors of
supramolecular polymers to further understand the design principles of supramolecular polymers
as a functional system[48-51]. As demonstrated in nature, regulation of the monomer conformation
and the monomer–monomer “bonding” is a key process for dynamic behavior of protein polymers,
and this can be realized by coupling the polymerization process with a reversible or irreversible
chemical reaction between the monomers (Scheme 2)[52]. However, realizing this type of complex
processes by the rational design of synthetic molecules or macromolecules remains challenging. It
is of considerable interest, both for theoretical and experimental purposes, to developing a few
synthetic, minimalistic systems that can at least realize some of the protein polymerization
behaviors and that are subject to in situ chemical modification and further regulation in aqueous
solution.
Scheme 2.Polymerization of Proteins or Synthetic Subunits with a Regulation Process

We have been curious on whether polypeptide-based synthetic macromolecules may be used as a
primitive yet useful model of “protein-like” subunits, for understanding the design principles of
reaction-coupled polymerization or assembly processes in the artificial systems. Previously, we
synthesized polypeptide-grafted comb-like macromolecules (e.g., polynorbornene-graft-poly(Lglutamic acids) (PN-g-PLGs) with a short backbone and 10–20 grafted chains), and utilized pHtunable solubility and PLG interactions to obtain filamentous supramolecular structures in aqueous
solution[18, 53]. The assembly of these partially charged, comb macromolecules in solution was
6

found to be very slow, due to the high kinetic barrier of association. This supramolecular
polymerization shows distinct two-stage kinetic behavior, presumably controlled by a
homogeneous nucleation mechanism[18]. Once formed, the filamentous supramolecular structures
are stable in solution, possessing some of the characteristics of amyloid structures. In a later work,
we presented a basic thermodynamic analysis on the filamentous assembly of partially charged
subunits in solution, and related the critical concentration for polymerization to the free energy of
binding of the monomers to the growing ends of supramolecular polymers[54]. On the basis of the
earlier success of this system, we continue to test the coupling of regularization process with the
self-assembly of polypeptide-based synthetic macromolecules. In chapter 2, we demonstrated the
in-situ regulation of the self-assembly process of polypeptides grafted comb polymer by coupling
it with chemical reaction and conducted kinetic analysis of the self-assembly process based on the
generalized nucleation induced cooperative supramolecular polymerization models.

1.4 Nucleation controlled covalent polymerization
Interestingly, the existence of two-stage kinetics in the irreversible, covalent polymerization was
discovered by Doty in 1950s[55, 56], at the same time when Oosawa[15, 40] proposed his helical
polymerization theory. It was found then, in the synthesis of polypeptides via the ring-opening
polymerization of amino acid N-carboxyanhydride (NCA), there exists a relatively slow chain
propagation in the first stage, followed by a distinct second stage in which the polymerization rate
is accelerated by a few folds. A helical polymerization mechanism similar to Oosawa’s theory was
suggested by Doty, but was challenged by Bamford and others[57-62]. Although this auto accelerated
polymerization phenomenon was under active investigation and debates for almost a decade, the
exact mechanism underlying the two-stage polymerization of synthetic polypeptides remains
elusive. The application of the two-stage covalent polymerization was not sought out by those
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pioneers in the field, due in part that the rate acceleration of the reactions then was rather modest,
and the polymerization often led to a bimodular chain distribution in the polymers that was difficult
to model without the modern computing power. In chapter 3, we’ll show that very strong
cooperative effects can be induced by various macromolecular architectures to drastically
accelerate the chain growth in the ring opening polymerization of NCAs [21]. We found that the
chain propagation rate can be accelerated by more than 1000 times by the cooperative effects from
the electrostatic interaction between the active chain ends and the helical macrodipoles, when they
are in the proximity. We successfully adapted the Oosawa’s cooperative growth mechanism to
analyze the polymerization of helical polypeptides, by treating the addition of monomer in both
stages instead as an irreversible process (Scheme 3). The simple phenomenological model trends
well with the two-stage kinetic profiles in the NCA-ROP polymerization in various
macromolecular architectures. In Chapter 5, we showed the application of the locally concentrated
chains induced acceleration in the competing reaction and the simplification of the NCA
polymerization process, which is a bottleneck for the wide application of polypeptides. Due to the
ease of inducing cooperative effects from long range electrostatic interactions and local
aggregation of chains, it is envisioned that the similar cooperative effects may be discovered in
non-polypeptide systems, particularly in the solvent conditions with low dielectric constants.
Scheme 3. The kinetic model for cooperative covalent polymerization
k1
M i* + M ⎯⎯
→ M i*+1

1 i  s

k2
M i* + M ⎯⎯
→ M i*+1

is

Herein, in Chapter 4 and 6, we examined the unique aspects of the covalent cooperative
polymerization that have never been explored before. First, a living polymerization is
conventionally defined as a chain-growth process without irreversible termination or transfer
8

reactions, and usually allow for much narrower molecular weight distributions in the resultant
polymers, with an average degree of polymerization being the ratio of the number of monomers to
the number of initiators in the reaction. In an irreversible polymerization with two distinct growth
stages, however, the molecular weight distribution will be controlled by the kinetic constants and
often be bimodular, even though the reactions themselves should be considered as living
polymerization. Second, the cooperative effects in the polymerization of macromolecules with
complex architectures can be much stronger than that found in supramolecular polymers
assembled from proteins or synthetic units, and multiple effects can be simultaneously involved in
the process, albeit with different strengths. Third, the size of critical nucleus may be quite large as
it may not fully depend on structural effects, and sometimes may need to be treated as a transition
rather than a critical point. Last, the principle of equal reactivity, which is a fundamental
assumption for many polymerization models, may no longer be valid in cooperative covalent
polymerization. This is because the strength of cooperative effects can be a function of the polymer
length as well as the interaction of the polymer chains.
Essentially, although the cooperative covalent polymerization provides potential opportunities to
achieve significant auto-acceleration in the polymerization reactions, it poses new challenges in
obtaining controls over the reactions for targeted molecular weights and molecular weight
distributions. It is our hope that the detailed kinetic modelling and analysis presented here could
help to guide the experimental design and obtain better controls in both the rate of polymerization
and the molecular weight distribution in this unique class of polymerizations, and accelerate the
discovery of new reaction systems that may incorporate strong cooperative effects.
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Chapter 2 Nucleation controlled cooperative behavior in a
reaction coupled supramolecular assembly system
2.1 Introduction
In nature, regulation of the monomer conformation and the monomer-monomer “bonding” is a key
process for dynamic behavior of proteins, and this can be realized by coupling the polymerization
process with a reversible or irreversible chemical reaction between the monomers[1-3]. To mimic
some of the protein polymerization behaviors that are subject to in-situ chemical modification and
further regulation in aqueous solution, we coupled the assembly of the polypeptide-grafted comb
macromolecules with a chemical reaction in aqueous solution by neutralizing a fraction of the
carboxylate side groups in the macromolecules in-situ, and simultaneously incorporating new
hydrophobic interactions between the subunits (Scheme 4)[4]. The chemical reaction modulates
the secondary structure of the macromolecules and their solubility, accelerating their association.
The reaction also alters the assembly process of polynorbornene grafted polyglutamic acid (PN-gPLGs) both thermodynamically and kinetically, as evidenced in a new reaction pathway that leads
to the distinct supramolecular formation of membrane structures and the accelerated rate of
assembly. The membrane structures are able to subsequently transform into filamentous structures
by raising the pH of the solution, which enhances proton dissociation in unreacted carboxyl groups.
A quantitative understanding of the reaction-induced assembly process is very challenging due to
the evolution of the structures and association propensity of subunits by the in-situ reaction, as
well as the resulting heterogeneity of the system. We carried out the preliminary analysis on the
kinetic profiles by focusing on whether the overall assembly process can be described by a
homogeneous nucleation or a heterogeneous nucleation model. Particularly, we are curious on
whether the existing models that are very successful in explaining filamentous polymerization of
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proteins and polypeptides may potentially be applicable to this type of complex systems in the
future.
Scheme 4. The reaction of PN-g-PLGs with benzyl amine (BA) by using DMTMM as the coupling reagent.

2.2 Kinetic analysis and discussion
Description of the nucleation-growth model. The simplest possible theory of homogeneous
nucleated polymerization was the classic Oosawa model[5, 6], in which only the primary nucleation
is responsible for the generation of new aggregates. Based on the Oosawa model, the time progress
of the monomer conversion from dispersed to aggregated state (M(t)/M∞) follow a very simple
form as:
𝑀(𝑡)
𝑀∞

2

𝑛∗

= 1 − 𝑠𝑒𝑐ℎ𝑛∗ (𝜆𝑡√ 2 )

𝜆 = √2𝑘𝑛 𝑘+ 𝑚𝑡𝑜𝑡 𝑛

∗
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6

7

where n* denotes for the critical nucleus (i.e., the number of monomers in the nucleus), k+ is the
forward elongation rate constant, kn is the primary nucleus formation rate constant, and 𝑚𝑡𝑜𝑡
denotes for the total concentration of monomers. In contrast, nucleated polymerization in the
presence of secondary pathways[7] such as surface induced nucleation follows:
𝑀(𝑡)
𝑀∞

𝜆 2

= 1 − 𝑒 −(𝜅)

（ cosh(κt)−1)

κ = √2𝑘+ 𝑘2 𝑚𝑡𝑜𝑡 𝑛2 +1
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where k2 is the secondary nucleus formation rate constant and n2 denotes the nucleus size of
secondary nucleation process.
Description of the self-assembly process tracked by light scattering. We first studied the kinetic
process of the supramolecular assembly by monitoring the scattering intensity of the solution over
time using light scattering. For a given (PN-g-PLG102)10 concentration, specific amounts of
benzylamine (BA) were added into the solution, pH adjusted, and filtered to remove dust and other
impurities, after which the catalyst DMTMM was introduced into the solution in order to start the
conjugation reaction (DMTMM/Glu is always 1/1 molar ratio). The formation of supramolecular
structures increased the intensity of scattered light and was monitored at a 90° scattering angle
(Figure 3A). Increasing the BA/Glu ratio drastically accelerated the assembly process. The
kinetics of reaction-induced aggregation consist of a lag phase of a few hours followed by a rapid
growth phase. For a given concentration of (PN-g-PLG102)10 (e.g., 0.5 mg/mL), we found that
when the substitution was below a certain threshold (e.g., ∼15% with BA/Glu = 0.2/1), no
assemblies were observed within the given time frame (∼48 h). On the other hand, when BA
substitution was above a threshold (e.g., ∼60% with BA/Glu = 5/1), phase separation was observed
in the final stage. In the middle of this range, the assembly process can be well modulated by
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varying the molar ratios of reactants (Figure 3A), as well as by the concentration of monomers
(Figure 3B). In most of the kinetic experiments, a lag time that is at least three times of what is
required for the reaction and the conformational changes of PLGs chains suggest there may exist
a nucleation-controlled process, which is ubiquitously found in the aggregation of many native
and denatured proteins and polypeptides.

Figure 3. Assembly process of (PN-g-PLG102)10 tracked by light scattering. | (A) Assembly kinetics of (PN-gPLG102)10 (0.5 mg/mL) with BA/Glu = 0.5/1, 1/1 and 2/1, respectively. (B) Assembly kinetics of (PN-g-PLG102)10
concentration = 0.1 mg/mL, 0.3 and 0.5 mg/mL, respectively, with BA/Glu=1/1, at pH 7 and RT.

Data reduction for the LS-based kinetics in the early stage of growth of supramolecular
structures. To carry out the data analysis of the kinetics tracked by light scattering, the changes
in the light scattering intensity (Figure 3A) in the early stage was first converted to normalized
aggregate mass M(t)/M∞ with the following method.
For the individually dispersed macromolecules in the solution, the scattering intensity is:
𝐼0 = 𝐼𝑚𝑡𝑜𝑡
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where 𝐼 is the unit scattering intensity for monomers, and 𝑚𝑡𝑜𝑡 is the total monomer concentration.
For small oligomers in the very early stage of aggregation, 𝑞𝑅𝑔 < 1. Following the Guinier
approximation, the scattering intensity of i-mers is proportional to 𝑖 2 𝑁𝑖 , where 𝑁𝑖 is the number
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concentration of i-mers. By summing the scattering intensity from the monomers and the
oligomers (to be consistent with the classic models, we omit the oligomers that have aggregation
size less than the primary nucleus size, 𝑛𝑐 ), the scattering intensity at time t (𝐼𝑡 ) is:
𝐼𝑡 = (𝑁1 + 𝑛𝑐2 𝑁𝑛𝑐 + (𝑛𝑐 + 1)2 𝑁𝑛𝑐+1 + (𝑛𝑐 + 2)2 𝑁𝑛𝑐+2 + ⋯ )𝐼
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Combining the two equations, we have
(𝑛𝑐 − 1)𝑁1 − (𝑛𝑐 + 1)𝑁𝑛𝑐+1 − 2(𝑛𝑐 + 2)𝑁𝑛𝑐+2 − ⋯
𝑚𝑡𝑜𝑡

= 𝑛𝑐 −

𝐼𝑡
𝐼0
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Since the number concentration of monomers (𝑁1 ) is much greater than the number concentration
of oligomers (𝑁𝑛𝑐+1 , 𝑁𝑛𝑐 +2, etc) in the early stage of the aggregation, we can approximate the Eq.
12 with:
𝐼𝑡
𝑁1 (𝑡) 𝑛𝑐 − 𝐼0
=
𝑚𝑡𝑜𝑡
𝑛𝑐 − 1
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𝐼
𝑛𝑐 − 𝐼𝑡
𝑀(𝑡)
0
=1−
𝑚𝑡𝑜𝑡
𝑛𝑐 − 1
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or

Eq. 14 was used to reduce the light scattering profiles in the early stage of the assembly.
Discussion of the analysis results of the kinetics tracked by light scattering. After the
conversion of the light scattering data into normalized aggregate mass M(t)/M∞, we can fit the
experimental kinetic profiles with the two different nucleation models (Eq. 6 and Eq. 8,
respectively) and obtain the corresponding parameters under each reaction condition. Figure 4A–
C shows that the comparison of the best fits based on the two nucleation models, with the
homogeneous nucleated polymerization model (dashed line), and the heterogeneous nucleated
polymerization model in the presence of surface induced nucleation (solid line). Apparently, the
early kinetic profiles found in the LS experiments are better described by the heterogeneous
17

nucleated polymerization model. The two parameters (λ and κ) in the heterogeneous nucleation
model were plotted against BA/Glu ratios in the reactions, as shown in Figure 4D. While λ varies
only slightly for different reactions, κ increases rapidly with the increasing extent of substitution
in the (PN-g-PLG102)10. By comparing Eq. 7 with Eq. 9, this result suggests that the secondary
nucleation process was more significantly affected by the reaction than the primary nucleation,
when the amidation suppresses the charges of PN-g-PLGs in solution. Still, the low sensitivity of
light scattering in detecting the early stage of oligomer formation may be a concern. Therefore, we
went on to verify our findings by examining the relatively faster kinetic behaviors of (PN-gPLG51)10, using fluorescence-based methods.

Figure 4. Model-based analysis of the assembly kinetics of (PN-g-PLG102)10 measured by light scattering. | The
concentration of (PN-g-PLG102)10 is fixed to be 0.5 mg/mL and BA/Glu ratio is varied to be (A) 0.5/1, (B) 1/1, (C)
2/1, respectively. (D) Summary of the optimized parameters based on the surface induced nucleation model.
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Discussion of the analysis results of the kinetics tracked by fluorescence spectroscopy. The
kinetics of the supramolecular assembly was tracked by the introduction of ThT into solution and
monitoring the large enhancement of its fluorescence emission upon binding to the assembled
structures. By first converting the changes in the fluorescence intensity (Figure 5A) in the early
stage to normalized aggregate mass M(t)/M∞, we can fit the experimental kinetic profiles with the
two different nucleation models (Eq. 6 and Eq. 8) and obtain the corresponding parameters under
each reaction condition. Figure 5B-E shows the analysis of the early stage of kinetic profiles using
the heterogeneous nucleated polymerization model in the presence of surface induced nucleation
(solid line) and homogeneous nucleated polymerization model (dashed line). It’s clear to see that
the early kinetic profiles found in the ThT fluorescence experiments are better described by the
heterogenous nucleated model. The obtained parameters (λ and κ) based on Eq. 8 for each reaction
condition are summarized in Figure 5F. Similar to the analysis of the light scattering results of
(PN-g-PLG102)10, λ is less affected than κ with the increasing extent of substitution in (PN-gPLG51)10, suggesting, again, that the secondary nucleation process was more significantly affected
by the reaction than the primary nucleation when the amidation suppresses the charges of PN-gPLGs in solution. It appears that the generalized, three-parameter heterogeneous nucleated polymerization model can reasonably describe the apparent kinetic profiles of reaction-induced
assembly of PN-g-PLGs, which is indeed a very complex and heterogeneous process.
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Figure 5. Model-based analysis of the assembly kinetics of (PN-g-PLG51)10 with different BA/Glu ratios. | (A)
Time progress of ThT fluorescence of (PN-g-PLG51)10 with different BA/Glu ratios. The concentration of (PN-gPLG51)10 is kept at 0.5 mg/mL. (B)-(E) Analysis of the early stage of kinetic process by the homogeneous nucleated
model (in dash line) and the heterogeneous nucleated model (in solid line). BA/Glu ratio is varied as (B) 0.5/1, (C)
1/1, (D) 2/1 and (E) 5/1 (F) Summary of the fitted parameters from the heterogeneous nucleated model.

Besides the ratio of BA/Glu, the strong dependence of κ on 𝑚𝑡𝑜𝑡 , as predicted by Eq. 9, is further
investigated. In these experiments, we varied the initial concentration of (PN-g-PLG51)10, but kept
the ratio of BA/Glu to be 5/1, which speeds up the substitution reaction to minimize the possible
introduction of artificial lag phase from the reaction itself (Figure 6A). The kinetic profiles were
again analyzed by the heterogeneous nucleation model (Figure 6B-E); 𝜅 obtained from the
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analysis is correlated with 𝑚𝑡𝑜𝑡 in a log-log plot (Figure 6F). A straight line is obtained, as
predicted by Eq. 9. The slope of the line would predict a 𝑛2 ~3, a reasonable number for the
secondary nucleation process.

Figure 6. Model-based analysis of the assembly kinetics of (PN-g-PLG51)10 with different polymer
concentrations. | (A) Time progress of ThT fluorescence of (PN-g-PLG51)10 with different polymer concentrations
from 0.2 mg/ml to 0.5 mg/ml. BA/Glu/DMTMM=5/1/1 in molar ratio. (B)-(E) Fitting of the early stage of kinetic
process by the homogeneous nucleation model (in dash line) and the surface-induced nucleation model (in solid line).
The concentration of (PN-g-PLG51)10 is (B) 0.2 mg/mL, (C) 0.3 mg/mL, (D) 0.4 mg/mL, (E) 0.5 mg/mL. (F) Analysis
of the dependence of fitted parameter κ on polymer concentrations.

2.3 Conclusion
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Our exercises above by utilizing the simple but well-established nucleated polymerization models
to analyze the kinetic profiles shows a promising approach to obtain qualitative but insightful
information from a highly complex system. A kinetic model that explicitly considers both the
changes in monomer properties and the nucleation and growth of the supramolecular structures
over time is the subject of future study, which may allow for obtaining a deeper understanding of
the interplay between different physical factors that control the reaction induced assembly process.
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Chapter 3 Nucleation controlled cooperative polymerization
in the synthesis of polypeptides from N-carboxyanhydrides
3.1 Introduction
Catalysis observed in enzymatic processes and protein polymerizations often relies on the use of
supramolecular interactions and the organization of functional elements in order to gain control
over the spatial and temporal elements of fundamental cellular processes[1, 2]. Harnessing these
cooperative interactions to catalyze reactions in synthetic systems[3], however, remains challenging
due to the difficulty in creating structurally controlled macromolecules. Recently, we report a
polypeptide-based polymerization system whose rate of growth is governed by its macromolecular
structure and encoded within the polymerization initiator[4]. The system consists of a polymeric
scaffold containing initiation sites on which amino acid precursors, in the form of Ncarboxyanhydrides (NCAs), condense to form polypeptide chains (Figure 7a)[5, 6]. Upon reaching
a critical chain length, the polypeptide chains are able to fold into α-helices (Figure 7c). The
continued addition of NCA monomers onto the α-helices is found to be catalyzed through
cooperative dipolar interactions between neighboring α-helices on the same scaffold. By
controlling the structural elements that govern the proximity of growing helices along the scaffold,
the extent of catalysis on the polymerization is able to be modulated (Figure 8). The mechanism
displayed by this system is a unique example of how preorganization of structural elements can be
used to influence the construction of covalent macromolecules.
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Figure 7. Synthesis of brush polypeptides and the two-stage kinetics accompanied with secondary structure
change. | a Ring-opening metathesis polymerization (ROMP) of NB with catalyst G3 forms PNBn that can act as
macroinitiators for the polymerization of BLG-NCA forming brush polymers. The resulting polypeptide chains
spontaneously fold into α-helices after obtaining a DP between 8 and 12. The subscripts refer to the average DP. b
Structures of the G3 catalyst and the BLG-NCA. c Comparison between the conversion of BLG-NCA (black) at 1,793
cm−1, the increase in absorbance corresponding to the formation of α-helix (green) at 1,655 cm−1, and the change in
ellipticity (blue) as monitored by CD at a wavelength of 227.9 nm. The conversion of monomer in the early stages of
the polymerization proceeds without the onset of secondary structure. Only when the α-helix appears does the
polymerization rate increase dramatically.

The dependence of side-chain propagation rate on the brush grafting density reveals an intriguing
cooperative behavior facilitated by neighboring helical polypeptides within the same
macromolecule (i.e., effect of tertiary structure). Indeed, this effect is rather unique compared to
other brush polymer systems that show a similar or often decreased rate of polymerization
compared to the respective linear analogs. While never before described in irreversible covalent
polymerization, this cooperative growth mechanism is well-studied and widespread in
supramolecular polymerization, where proteins or synthetic monomer units are instead brought
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together through reversible and non-covalent interactions to form one-dimensional polymeric
arrays[7, 8]. For example, Oosawa[9] proposed a cooperative supramolecular growth mechanism for
actin polymerization that consists of two phases: first, the monomers slowly segregate into a linear
chain, which, upon reaching a critical length (the nucleus) the linear chain can rearrange into a
helix. At this stage, chain growth becomes more favorable due to additional secondary interactions
between the incoming monomer and the polymer chain. Herein, we adapt this cooperative growth
mechanism to analyze the polymerization of helical polypeptides in the brush polymers, by treating
the addition of monomer instead as an irreversible process.

Figure 8. Kinetic studies of random macroinitiators. | a, Random copolymer scaffolds composed of NB and Ph and
the resulting brush polymers. Copolymers with decreasing NB content result in scaffolds with increasing average
distance between initiation sites. b, Conversion of BLG-NCA over time initiated from random copolymers P(NB x-rPhy) showing a decrease in polymerization rate with increasing interhelical distance. The subscripts refer to the average
DP.

3.2 Kinetic theory of the nucleation controlled cooperative polymerization
Consider the simplest model possible for this cooperative covalent polymerization under which
the only allowed reactions are initiation (Eq. 15) and the stepwise addition of monomer, [M], onto
the active chains (Eq. 16, 17). There exists a unique chain length, s, after which the propagation
constant changes due to folding of the coil into an α-helix. We denote an active polymer of degree
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of polymerization i by Mi*, and its concentration by [Mi*], where * represents the reactive end.
The initial concentration of monomer and initiator are represented by [M] 0 and [I]0, respectively.
The kinetic constants for initiation (ki) and the two successive growth stages (k1 and k2) are then
defined by:
𝐼+𝑀 →

𝑘𝑖

𝑀𝑖∗ + 𝑀 →
𝑀𝑖∗ + 𝑀 →

𝑀𝑖∗
𝑘1

𝑘2

15

∗
𝑀𝑖+1

1≤𝑖<𝑠

16

∗
𝑀𝑖+1

𝑖≥𝑠

17

For clarity, the production of CO2 is ignored in the reaction scheme. Spectroscopic studies on the
brush polymerization as well as other NCA polymerizations reveal a fast initiation event relative
to propagation (ki ≫ k1) and we accordingly assume [M1*] = [I]0, [M] = [M]0 - [I]0, at the time of
the first data points (t = 3 min). It is straightforward, then, to write the kinetic equations
corresponding to the scheme above, and find numerical solutions to them:
𝑠−1

∞

𝜕[𝑀]
= −𝑘1 [𝑀] ∑[𝑀𝑖∗ ] − 𝑘2 [𝑀] ∑[𝑀𝑖∗ ]
𝜕𝑡
𝑖=1

18

𝑖=𝑠

𝜕[𝑀𝑖∗ ]
= −𝑘1 [𝑀][𝑀𝑖∗ ]
𝜕𝑡

𝑖=1
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1<𝑖<𝑠

20

𝜕[𝑀𝑠∗ ]
∗ ]
= 𝑘1 [𝑀][𝑀𝑠−1
− 𝑘2 [𝑀][𝑀𝑠∗ ]
𝜕𝑡

𝑖=𝑠
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𝜕[𝑀𝑖∗ ]
∗
] − [𝑀𝑖∗ ])
= 𝑘2 [𝑀]([𝑀𝑖−1
𝜕𝑡

𝑖>𝑠
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𝜕[𝑀𝑖∗ ]
∗
] − [𝑀𝑖∗ ])
= 𝑘1 [𝑀]([𝑀𝑖−1
𝜕𝑡

In analogy to the cooperativity factor in supramolecular polymerization, we can define the
dimensionless ratio σ = k1/k2 where a small value of σ (≪ 1) implies a highly cooperative reaction,
and σ = 1 implies no cooperativity. The cooperative covalent polymerization is thus intrinsically
26

controlled by two dimensionless parameters, the critical chain length, s, and the cooperativity, σ.
Transformation of Eq. 18-22 into dimensionless parameters (Eq. 23-28) more clearly shows this
relationship.

𝑠−1

𝑑𝑚
= −𝑚(∑ 𝑚𝑖∗ + 𝜎 −1 𝑓)
𝑑𝜏

23

𝑖=1

𝑑𝑚1∗
= −𝑚𝑚1∗
𝑑𝜏

𝑖=1

24

1<𝑖<𝑠

25

𝑑𝑚𝑠∗
∗
= 𝑚(𝑚𝑠−1
− 𝜎 −1 𝑚𝑠∗ )
𝑑𝜏

𝑖=𝑠
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𝑑𝑚𝑖∗
∗
= 𝜎 −1 𝑚(𝑚𝑖−1
− 𝑚𝑖∗ )
𝑑𝜏

𝑖>𝑠
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𝑑𝑚𝑖∗
∗
= 𝑚(𝑚𝑖−1
− 𝑚𝑖∗ )
𝑑𝜏

𝑑𝑓
∗
= 𝑚𝑚𝑠−1
𝑑𝜏
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Solving the differential equations numerically for different s, σ, and initial monomer-to-initiator
ratios ([M]0/[I]0) yields the various kinetic curves shown in Figure 9a-c, where the fraction of
remaining monomer is plotted against dimensionless time τ = tk1M0. The model is able to correctly
account for and describe the course of monomer consumption over time as observed in the
experimental data, and the shape of the curve is heavily influenced by s, σ, and [M]0/[I]0 ratio, as
expected.
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Figure 9. Simulations with cooperative covalent polymerization model. | a–c, Plots of the fraction of monomer
versus rescaled time (τ = tk1[M]0) for test cases with s = 10, [M]0/[I]0 = 100 at selected values of σ (a), s = 10, σ = 10–
3
, at selected values of [M]0/[I]0 (b), and [M]0/[I]0 = 100, σ = 10-3, at selected values of s (c). Fraction of monomer was
calculated using the numerical solutions of Eq. 23 to 28.

3.3 Kinetic analysis of the experimental results rand discussion
This cooperative covalent model was then applied to the data generated from the random
copolymer scaffolds that showed a wide range of rates and cooperativity due to variation of the
helical distances. Random copolymers of exo-norbornene monomer (NB) with inactive spacer
groups containing a phenyl moiety (NBPh), were synthesized to allow us to access brush polymers
with varying grafting density of α-helices. Subsequently, these random copolymers (PNBx-rPNBPhy) were utilized as macroinitiators for the polymerization of γ-benzyl-L-glutamate (BLGNCA) and their kinetics were monitored by FTIR[10]. The optimized fits for this data shown in
Figure 10a demonstrate that the model is able to describe the data from the experiments in
excellent agreement. The critical chain length s was determined to be 10 ± 2 for all four samples,
again, in agreement with the predicted length at which α-helices become stable[11]. The rate
constant, k1, for the four reactions did not appear to vary significantly (Figure 10b), increasing
only slightly with increasing grafting density. This indicates that prior to the formation of α-helices,
the coupling of amide dipoles contained within short, coil-like polypeptides has limited impact on
the reaction. In contrast, the density of helices strongly affects k2. Comparing random copolymers
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containing 10% NB or 50% NB, for example, reveals rate constants that increase over three orders
of magnitude from 1.2 M-1 s-1 to 1.26 × 103 M-1 s-1, respectively. The result shows that a strong
cooperative behavior can be induced upon the formation of helical macrodipoles in the proximity
to active sites of reaction.

Figure 10. Analysis of brush polymerization with kinetic model. | a, Kinetic data (circles) obtained from the
polymerization of BLG-NCA with PNBx-r-PNBPhy random copolymers of varying NB content (mol%) is fitted with
the two-stage kinetic model (solid lines) at s = 10, [M] 0 = 50 mM, and [I]0 = 1.0 mM. b, Extracted rate constants for
the primary nucleation stage (k1) and the second elongation stage (k2) from (a), and calculated σ-1. Error bars represent
standard deviations from three independent measurements.

3.4 Conclusion
With the development of the kinetic model, the cooperative reaction system presented here is
quantitatively proved to be a remarkable example of a polymerization whose rate is governed by
the three dimensional structure of the resulting polymer, which is in turn dictated by the structure
of the initiator. We expect cooperative interactions of this kind to contribute to future
developments in polymer and supramolecular chemistry, as well as to our understanding of the
cytoskeleton, protein function, and catalysis.
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Chapter 4 Incorporation of Michaelis-Menten kinetics in the
nucleation controlled cooperative polymerization of Ncarboxyanhydrides
4.1 Introduction
In late 1950s, the existence of auto-accelerated kinetics was discovered in the synthesis of
polypeptides via the ring-opening polymerization of amino acid N-carboxyanhydride (NCA)[1-4].
For various initiators, NCAs and solvents, there exists a two-stage kinetics in the polymerization
process: a relatively slow chain propagation in the first stage, followed by a distinct second stage
in which the polymerization rate can be accelerated a few times. Particularly, the two-stage kinetics
was commonly found when the primary amine is used as the initiators, and in non-protic solvents.
Two major hypotheses were proposed to account for the intriguing auto-acceleration behaviors.
The first hypothesis was called “helical chain growth” mechanism by Doty and Lundberg[3, 4], in
which the formation of alpha-helical structure in the growing chains is thought to be responsible
for the acceleration of polymerization. The other hypothesis, advanced by Bamford and Elliot[5, 6],
attributed the acceleration to the H-bond based association of NCAs to the peptide “microphase”
in less polar solvents, a process that effectively increases the local concentration of the monomers.
Interestingly, there were abundant experimental evidence that seems to be in favor of one
hypothesis or the other, but neither of the hypotheses provide a fully consistent explanation of
auto-acceleration[3, 4, 7-15]. Although this interesting phenomenon was once under heating debates
and extensive investigation, the exact mechanism underlying the two-stage polymerization of
polypeptides remains elusive.
Recently, we discovered that the auto-acceleration of NCA polymerization can be drastically
enhanced by organizing the amine initiators on a polymeric backbone, e.g., in the synthesis of
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brush-like polymers containing polypeptide side chains[16]. For example, in the polymerization of
poly(gamma-benzyl-L-glutamate) (PBLG) grafts on polynorborene (PN) backbone, the estimated
reaction rate in the second stage can be accelerated more than 1000 times than that of the first
stage, especially in the solvents with low dielectric constants. The onset of the rate acceleration is
well aligned with the formation of α helical structures in the growing chains, typically at a critical
degree of polymerization (DP) of 8~12, as confirmed by the spectroscopic studies and the kinetic
analysis based on a two-stage cooperative covalent polymerization (CCP) model we developed.
We also found that, in the brush polymers, the extent of rate enhancement correlates with the
electrostatic interactions between the helical dipoles of neighboring polypeptides, being more
pronounced in the solvents of lower dielectric constants. Our discovery appears to provide new
evidence in favor of Doty’s helical growth hypothesis over Bamford’s association hypothesis, as
above all, it is impossible to attribute such a drastic rate acceleration (1000x or above) all to the
increase of local monomer concentration.
However, some interesting experimental observations caught up our attention and inspired us to
examine more carefully on the auto-acceleration mechanism. First, we found that in the brush-like
architecture, the rate constant in the first stage is found to be considerably higher than that in the
polymerization of linear polymers. This is before the growing chains can reach the critical DP to
form helical structures. The result strongly hints that the rate acceleration can be in part a result of
an increased local concentration of NCAs, as in the case of brush polymerization, presenting
multiple growing chains in a brush-like architecture likely enhances the association equilibrium
between NCAs and peptide chains. Second, modeling the auto-acceleration with a simple twostage polymerization process with two distinct rate constants (e.g., k1 and k2, for the 1st and 2nd
stage respectively, and k2>>k1) will predict a coexistence of a few very long chains and many

32

oligomers in the end of the reactions. This is due to the fact that once a small percent of growing
chains enter into the second stage of faster growth, they would react so rapidly that they may
consume most of the monomers before some shorter chains could ever reach the second stage of
growth. The extremely bimodal distribution of molecular weights is not evidenced in the synthesis
of polypeptides in brush-like architecture. Rather, when we test modeling the polymerization
kinetics along with the molecular weight distribution (MWD) result, it appears as if the rate
constant in the second stage needs to decay with respect to the length of the growing chains, in
order to correctly predict the MWDs found in the experiments. This controversy indicates that the
“helical chain growth” alone is not the complete mechanism accounting for the auto-acceleration
of NCA polymerization either.

Figure 11. The Bamford’s monomer association hypothesis and Doty’s helical growth hypothesis.

Stimulated by our analysis obtained in a more complex macromolecular architecture, we would
like to revisit the kinetic mechanism underlying the auto-accelerated polymerization of linear
polypeptides and brush polypeptides. Herein, we propose a new kinetic model of auto-accelerated
polymerization of helical polypeptides, by unifying Doty’s “helical chain growth” mechanism with
Bamford’s “monomer association” mechanism. Figure 11 shows a schematic illustration of the
proposed polymerization mechanism. The key features of this mechanism are the following:
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a. When the growing chain reaches a critical length (s) and transforms from a coil conformation to
a helix, the chain propagation reaction between the primary amine and the adsorbed NCA is under
a more favorable local environment, either structurally or electrostatically.
b. NCAs may reversibly adsorb on the growing helical chain resulting in an increased local
molarity of monomers that favor the chain propagation; and the binding equilibrium constant
increases in less polar solvent.

4.2 Kinetic theory of nucleation controlled cooperative polymerization with
Michaelis-Menten kinetics
Our previous CCP model considers the helical growth mechanism (a) but ignores the monomer
association hypothesis (b). We now explicitly incorporate the association step between NCAs and
growing chain into the two-stage CCP model. The new model that integrates both helical chain
growth and association mechanism can be described by the following successive reactions:
k1
M i* + M ⎯⎯
→ M i*+1

M i* + M

kon 2
koff 2

kr 2
M i* − M ⎯⎯
→ M i*+1

1 i  s
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is
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where M represents NCA monomer and 𝑀𝑖∗ denotes a polymer that consists of i repeating units
and an active site (*) in the end. In the initial stage of the chain growth (i<s), we treat the reaction
between the monomer and the active end of the coil chain as a second order reaction with a rate
constant 𝑘1 . Upon the growing chain reaches the critical length s and transforms into α-helix, we
consider the reaction to occur by two steps: first, monomer can bind to the active helical chain to
form the reaction complex 𝑀𝑖∗ − 𝑀, with an absorption rate constant 𝑘𝑜𝑛2 and a desorption rate
constant 𝑘𝑜𝑓𝑓2 ; subsequently, the attack of the active end of the helical chain on the bound
monomer causes the ring opening reaction and allows for the chain elongation with a rate constant
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𝑘𝑟2 . We note here we could also explicitly consider the possible binding equilibrium between
monomers and the short coil chains at the initial stage. However, this is unnecessary for most of
the situations, since the monomer consumption at the early stage is relatively small for a reasonable
monomer to initiator ratio (e.g., [M]0/[I]0>25). And for practical reasons, considering the binding
equilibrium at the first stage will add two additional rate constants that are difficult to deconvolute
from the kinetic data. Based on the revised model, it is then a standard practice to write the kinetic
equations corresponding to the scheme above, and find numerical solutions to them.

[ M 1* ]
= −k1[ M 1* ][ M ]
t

i =1
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[ M i* ]
= k1[ M ]([ M i*−1 ] − [ M i* ])
t

1 i  s
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[ M s* ]
= k1[ M ][ M s*−1 ] − kon 2 [ M s* ][ M ] + koff 2 [ M s* − M ]
t

i=s
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[ M i* ]
= − kon 2 [ M i* ][ M ] + koff 2 [ M i* − M ] + kr 2 [ M i*−1 − M ]
t

is
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[ M i* − M ]
= kon 2 [ M i* ][ M ] − koff 2 [ M i* − M ] − kr 2 [ M i* − M ]
t

is
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FM 1 =  [ M i* ]
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i=s



FM 2 =  [ M i* − M ]
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FM 1
= (kr 2 + koff 2 ) FM 2 − kon 2 [ M ]FM 1 + k1[ M ][ M s*−1 ]
t
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i=s
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FM 2
= −(kr 2 + koff 2 ) FM 2 + kon 2 [ M ]FM 1
t
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s −1
[ M ]
= − k1[ M ] [ M i* ] − kon 2 [ M ]FM 1 + koff 2 FM 2
t
i =1
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Transformation of Eq. 31 - 40 into dimensionless parameters (Eq. 41 - 50) reveals the fundamental
difference of the new CCP model from the previous one. Our previous CCP model shows that the
polymerization process is controlled by three intrinsic parameters: the critical chain length s, the
kinetic cooperativity between the two stage σ, and the initial monomer-to-initiator ratios ([M]0/[I]0)
only. As such, the shape of kinetic curves in the dimensionless form, where the fraction of
remaining monomer is plotted against dimensionless time τ = tk1[M]0, does not depend on the
initial concentration of monomers, as long as the three intrinsic parameters remain the same. In
contrast, incorporating binding equilibrium between monomers and the growing helical chains in
the new model introduces the terms that explicitly depend on [M] 0 in the differential equations
(Eq. 41 - 50). Figure 12a shows the predicted kinetic curves from solving these differential
equations numerically for an identical set of s, kinetic rate constants and [M]0/[I]0, but with
different [M]0. Figure 12b shows the kinetic curves of Figure 12a plotted in the dimensionless
form. Unlike in the previous CCP model, the four kinetic curves in the dimensionless form deviate
from each other at the second stage (Figure 12b); their shapes are a function of [M]0. Figure 12c
shows how the molecular weight distribution of the polymers would look like based on the kinetic
curves in Figure 12a. Clearly, the molecular weight distribution of the polymers with the proposed
growth mechanism is asymmetric, deviating from the Poisson distribution from a typical chain
growth mechanism. In addition, some of very short chains (DP<s) can still be found in the end of
reaction; their mass percentages are also a function of the initial monomer concentrations (inset of
Figure 12c). The dependence of the DPn and PDI on [M]0 is plotted in Figure 12f (data points in
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blue). Because of the asymmetric nature of the molecular weight distribution, the relatively small
variation in calculated PDI may not accurately account for the noticeable difference of the MWDs
in Figure 12c. Overall, the substantial dependence of kinetic curves and MWDs on the initial
concentration of monomers is the characteristics of the current kinetic model.
[𝑀∗ ]

[𝑀]

𝜏 = 𝑡𝑘1 𝑀0 , 𝑥 = [𝑀 ] , 𝑥𝑖 = [𝑀𝑖 ] , 𝑦𝑖 =
0

𝑟𝑜𝑛 =

0

[𝑀𝑖∗ −𝑀]
[𝑀0 ]

𝐹𝑀1

𝐹𝑀2

, 𝑓1 = [𝑀 ] , 𝑓2 = [𝑀 ],
0

0

𝑘𝑜𝑓𝑓2
𝑘𝑜𝑛2
𝑘𝑟2
, 𝑟𝑜𝑓𝑓 =
, 𝑟𝑐 =
𝑘1
𝑘1
𝑘1

[ x1 ]
= −[ x1 ][ x]


i =1
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[ xi ]
= [ x]([ xi −1 ] − [ xi ])


1 i 1

42

[ xs ]
= [ x][ xs −1 ] − ron [ xs ][ x] + roff [ ys ] / [ M 0 ]


i=s

43

[ xi ]
= −ron [ xi ][ x] + roff [ yi ] / [ M 0 ] + rc [ yi −1 ] / [ M 0 ]


is

44

[ yi ]
= ron [ xi ][ x] − (roff + rc )[ yi ] / [ M 0 ]


is

45



f1 =  [ xi ]

46

i=s



f 2 =  [ yi ]

47

f1
= −ron [ x] f1 + (roff + rc ) f 2 / [ M 0 ] + [ x][ xs −1 ]


48

i=s
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f 2
= ron [ x] f1 − (roff + rc ) f 2 / [ M 0 ]


49

s −1
[ x]
= −[ x] [ xi ] − ron [ x] f1 + roff f 2 / [ M 0 ]

i =1
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In addition, we find that the current kinetic model can be connected to the previous CCP model
that simply describes both stages by second order reactions with the rate constants of 𝑘1 and 𝑘2 ,
respectively. This is not a surprise, as the two-step reaction scheme in the second growth stage
basically follows a Michaelis-Menten type of kinetics. Under the circumstances in which steady
state approximation may be applicable to the two-step reaction, it gives an apparent second order
𝑘

rate constant for the second growth stage as 𝑘2 ≈ 𝑘 𝑟2

∗𝑘𝑜𝑛2

𝑜𝑓𝑓2 +𝑘𝑟2

. Figure 12d shows the fitting of the

four individual kinetic curves in Figure 12a based on the previous CCP model with only two
parameters of 𝑘1 and 𝑘2 . Figure 12e shows the obtained 𝑘1 and 𝑘2 from the analysis. While the
previous CCP model can accurately describe the individual kinetic curves, the apparent 𝑘2 in the
model has to be different for each monomer concentration. However, the extrapolation of 𝑘2 to
the zero concentration of monomer gives a value very close to 0.1 M-1s-1, the value calculated from
𝑘𝑟2 ∗𝑘𝑜𝑛2
𝑘𝑜𝑓𝑓2 +𝑘𝑟2

. In addition, the old model predicts higher polydispersity in the MWDs (the data points

in red in Figure 12f) than that from the new model. Together, our analysis suggests that, to validate
our new model over the previous one, the key experiments needed is to achieve a “global” analysis
of the experimental kinetic results from different [M]0, and to correctly predict the molecular
weight distribution of resulting polymers based on the obtained kinetic constants. In the next
section, we show that the new model is able to correctly account for the course of monomer
consumption over time as observed in the experimental data, as well as the corresponding
molecular weight distribution (MWD) of the polymers.
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Figure 12. Simulation of the adsorption incorporated CCP model and comparison with previous CCP model. |
(a) Plot of the monomer concentration versus time for test cases with s=10, [M] 0/[I]0=100, k1=0.005 M-1s-1, kon2=10
M-1s-1, koff2=2 s-1, kr2=0.02 s-1, and at selected values of [M]0 = 0.1 M, 0.2 M, 0.4 M or 0.8 M, respectively. (b) Plots
of the fraction of monomer versus rescaled time (𝜏 = 𝑡𝑘1 𝑀0 ) for test cases of (a). (c) Predicted molecular weight
distribution (MWD) profiles based on the kinetic profiles in (a). (d) Fitting of kinetic profiles in (a) using previous 2stage CCP model. (e) Extracted rate constants for the nucleation stage (k1) and the second elongation stage (k2) from
(d). (f) Comparison of the calculated DPn (number averaged degree of polymerization) and PDIs based on the previous
2-stage CCP model and the absorption-incorporated CCP model. Fraction of monomer and the molecular weight
distribution were calculated using the numerical solutions of Eq. 31-40.

4.3 Kinetic analysis of non-covalently linked chains without tertiary effect or
weak tertiary effect
Figure 13 a-c show the time progress of monomer consumption monitored from different
monomer to initiator ratios ([M]0/[I]0=50, 100, 150) in the polymerization of PBLG. For each
monomer to initiator ratio, different initial NCA monomer concentrations ([M]0 = 0.2 M, 0.3 M,
0.4 M) were performed with three replicators for each monomer concentration. The monomer
concentration of each replicator was carefully determined from NMR and applied in the fitting.
The initiator concentration was calculated from the actual monomer concentration and the fixed
monomer to initiator ratio. By sharing the same kr and assigning individual k1 and kon/koff for the
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nine groups of kinetic data, a good global fit was obtained by using the new CCP model with s=10.
It is found that k1 and kon/koff is exponentially related to the initiator concentration or the
concentration of linear chains. This is likely to have been induced by the weak tertiary effect in
the clusters of locally aggregated chains.

Figure 13. Fitting of the polymerization kinetics of BLG-NCA initiated by hexylamine in DCM. | a [M]0/[I]0=50,
[M]0=0.199, 0.198, 0.190, 0.273, 0.300, 0.297, 0.368, 0.369, 0.386 M. b [M]0/[I]0=100, [M]0=0.217, 0.216, 0.223,
0.309, 0.326, 0.291, 0.384, 0.367, 0.387 M. c [M] 0/[I]0=150, [M]0=0.187, 0.206, 0.197, 0.290, 0.316, 0.342, 0.364,
0.406, 0.400 M. d Summary of the fitted k1 and kon/koff for the nine groups of kinetic data. For the three replicators
within each of the group, they share the same k1 and kon/koff. For all nine groups of kinetics, they share the same kr,
which is 0.51 s-1.

Figure 13d shows the predicted molecular weight distribution from individual monomer
concentrations of each monomer to initiator ratio, based on the kinetic parameters obtained from
the model analysis. We find that, the asymmetrical shape of the MWDs is close to the shape of the
GPC curves (Figure 14 a-c). The oligomers that have a degree of polymerization that is smaller
than 10 may not necessarily be seen in the GPC since they might have been lost in the precipitation
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of the PBLG before running GPC. The predicted number averaged degree of polymerization (Nn)
and PDI match very well with the GPC reported Nn and PDI (Figure 14 e-f). This suggests that
the new model could predict the molecular weight distribution successfully based on the fitted
kinetic parameters.

Figure 14. Molecular weight distribution of the linear PBLG. | a-c GPC results of the linear polypeptides
synthesized by the hexylamine initiated polymerization of BLG-NCA in DCM. The GPC results came from the light
scattering results at 90 degree. a [M]0=0.2 M, [M]0/[I]0=50, 100, 150. b [M]0=0.3 M, [M]0/[I]0=50, 100, 150. c
[M]0=0.4 M, [M]0/[I]0=50, 100, 150. d Predicted molecular weight distributions were calculated using the numerical
solutions of Eq. 31-40 with the fitted parameters. The normalized light scattering intensities were calculated by
assuming all helices as rigid rods and applying the Guinier approximation since qR g<1. e Comparison of the predicted
number averaged degree of polymerization (Nn) with the ones reported by GPC. Left to right, [M] 0/[I]0=50, 100, 150,
for each monomer concentration. f Comparison of the predicted polydispersity (PDI) with the ones reported by GPC.
Left to right, [M]0/[I]0=50, 100, 150, for each monomer concentration.

4.4 Kinetic analysis of covalently linked chains with strong tertiary effect
Previously, we reported that the NCA polymerization from a linear scaffold of initiating groups
with high density could exhibit strong cooperativity due to the formation of α-helices and the
tertiary interactions between the neighboring helices. Tuning the grafting density (GD) of helices
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by tuning the ratio of active initiating groups in the randomly polymerized linear scaffold can
change the level of cooperativity in the polymerization. The simple two-stage CCP model can
describe the experimental kinetic curves with individual rate constants for different grafting
densities. But the predicted molecular weight is greatly deviated from the GPC result. Thus, we
decide to reanalyze the kinetic results with the adsorption incorporated CCP model. To take care
of the tertiary interactions associated with the grafting density, we can fix 𝑘𝑟 and make 𝑘1 and 𝑘𝑜𝑛
to be linearly dependent on the grafting density with 𝑘1𝑖 = 𝑘10 ∗ GD𝑖 , 𝐾 𝑖 =

0 ∗GD
𝑘𝑜𝑛
𝑖

𝑘𝑜𝑓𝑓

. In this way, a

good global fit of the kinetic curves with four different grafting densities can be achieved (Figure
15 a). The grafting densities are fitted to correct for the nonlinearity between the acceleration effect
and the actual grafting densities (Figure 15 c) and the possible experimental errors in controlling
the fraction of NB in PNBx-r-PNBPhy random copolymers. The predicted molecular weights
calculated from the fitted parameters are within the range of molecular weights reported by GPC
(Figure 15 b, d). The successful analysis of the brush polymerization with different grafting
densities using the adsorption incorporated CCP model shows that the tertiary effect, which is
brought by the macro-structure, might be able to influence the binding constant or the local
monomer concentration.
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Figure 15. Analysis of brush polymerization kinetics with the adsorption incorporated CCP model. | a Global
fit of the polymerization kinetics of BLG-NCA initiated by PNBx-r-PNBPhy random copolymers of varying NB
content (mol%) in DCM. b Predicted molecular weight distribution based on the fitted kinetic parameters. 𝑘10 =
0.120 𝑀−1 𝑠 −1 ,

0
𝑘𝑜𝑛

𝑘𝑜𝑓𝑓

= 43.6 𝑀−1 , 𝑘𝑟 = 1 𝑠 −1 . c The fitted grafting densities vs the designed grafting densities. d

Comparison of the predicted number averaged degree of polymerization (Nn) with the ones reported by GPC.

4.5 Conclusion
In this chapter, we proposed a new kinetic model of auto-accelerated polymerization of helical
polypeptides, by unifying the helical chain growth mechanism with the monomer association
mechanism. The explicitly incorporated adsorption process in the second stage lends monomer
concentration dependent characteristics to both the monomer depletion kinetic curves and the
molecular weight distributions. Moreover, the predicted molecular weight distribution by the
adsorption incorporated CCP model becomes narrower compared to that predicted by the simple
two-stage CCP model. The application of the adsorption CCP model to the kinetic analysis and
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prediction of MWDs of both the linear polypeptide and the brush polypeptides with different
grafting densities is successful. Due to the ease of inducing cooperative effects from long range
electrostatic interactions or structural effects, it is envisioned that similar cooperative effects may
be discovered in non-polypeptide systems, particularly in the solvent conditions with low dielectric
constants. We hope that our model could be helpful in analyzing the kinetic behavior of other
similar cooperative systems and obtaining the right molecular weight in the synthesis.
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Chapter 5 Competing pathways in the nucleation controlled
cooperative polymerization of N-carboxyanhydrides in
emulsified solution
5.1 Introduction
In contrast to the preparation of synthetic polypeptides that involves monomers with exceptionally
high purity and moisture-free setups[1-3], nature produces proteins with remarkable efficiency in a
complicated cellular environment under mild physiological conditions[4]. During protein synthesis,
ribozyme catalyzes the peptidyl amide bond formation reactions at a rate 105-107 times faster than
non-catalyzed amidations, which outpaces competing side reactions[5, 6]. Inspired by this process,
we reasoned that NCA polymerization at a rate dramatically faster than water-induced side
reactions may potentially enable the synthesis of polypeptides under open-air conditions. We
recently discovered that NCA polymerization can proceed at a greatly accelerated rate by local
enrichment of initiators in dichloromethane (DCM)[7]. An array of polypeptide initiators adopting
α-helical conformations along a linear polynorbornene backbone polymerizes NCAs at a rate 3-4
orders of magnitude higher than a single-chain analogue, due to the cooperative interactions of
macrodipoles between the neighboring α-helices. The enrichment of initiators can be realized by
the localization of amphiphile initiators on the interface of water and DCM. Given their strong
tendency to localize at the water/DCM interface, the PEG segments function as the designated
interfacial anchors[8]. A series of interfacially localized initiators, amine capped PEG (Figure 16c,
PEG = 5 kDa), PEG-PBLG (Figure 16b, PEG = 5 kDa, PBLG = 9.8 kDa), were designed for fast
polymerization kinetics to outpace water-induced side reactions.
The PEG-PBLG initiated reaction is faster than the PEG initiated reaction due to the existence of
a short helical chain, which allows the reaction to be jumpstarted into the fast-growing stage
directly (Figure 16e). The molecular weight distribution of the products initiated by PEG-PBLG
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is also narrower (Figure 16f) due to the minimal contribution from water initiated side reaction
and the avoidance of the bimodal distribution caused by the two-stage kinetics. PBLG (Figure
16d), which is soluble and freely dispersed in DCM, was used as a control to show the importance
of anchoring the initiators on the interface in accelerating the reaction (Figure 16e). The
distribution of the three different initiators in the emulsion system was confirmed by the molecular
dynamics simulation (Figure 16g). The potential of mean force (PMF) profile was computed using
umbrella sampling for the translocation of PEG-PBLG, PEG, and PBLG from the DCM phase
across the interface into the water phase[9]. Mapping the relative thermodynamic favorability to
exist at each location along this pathway, the deep free energy well for PEG-PBLG at the
water/DCM interface reveals a thermodynamic preference to adsorb to the interface and large free
energy costs associated with moving PEG-PBLG into either DCM (+35 kT) or water (+140 kT).
From the PMF results, the probability to stay at the interface is 100%, 94%, and 9.6% for PEGPBLG, PEG, and PBLG, respectively.

Figure 16. Accelerated polymerization rate with localized initiators. | a, Scheme illustrating the polymerization of
BLG-NCA using three macroinitiators. b, c, d, Schematic representation showing the interfacial anchoring of PEGPBLG (b), PEG (c), and PBLG (d). The relative polymerization rates were indicated below schemes. e, Conversion
of purified BLG-NCA in a w/o emulsion in the presence of three macroinitiators. Polymerization condition: [M] 0 =
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50 mM, [I]0 = 0.5 mM. Water:DCM = 1:100 (w/w), pH = 7.0. Results represent means ± s.d. of three replicates. f,
Normalized GPC-LS traces of resulting polymers from the polymerization in a w/o emulsion. Red arrow indicates the
shoulder peak from PBLG-initiated polymerization. g, PMF profiles of PEG-PBLG, PEG, and PBLG in a DCM/water
biphasic system computed using molecular dynamics simulation. Error bars correspond to estimated s.d. using the
bootstrap method.

To understand how efficiently the initiators work in the competing reaction environment, we
developed a competing reaction model based on the simple two-stage CCP model we developed
previously and analyzed the relative fractions of NCA monomers consumed by the amphiphilic
initiators (main pathway) and water (competing pathway).

Figure 17. Water-induced NCA polymerization in a w/o emulsion. a, Conversion of purified BLG-NCA in a w/o
emulsion. [M]0 = 50 mM, water:DCM = 1:100 (w/w). Results represent means ± s.d. of three replicates. b, GPC-LS
traces of resulting polymers from water-induced polymerization. Mn = 149.7 kDa, PDI = 1.47.

5.2 Description of the kinetic model with competing pathways in the emulsion
polymerization of N-carboxyanhydrides
Our previous study shows the presence of helical macrodipoles in proximity of growing chains
drastically accelerates the polymerization of NCAs, which can be described by a two-stage,
cooperative polymerization model[7, 10, 11]. The self-assembly of PEG-PBLG macroinitiators at the
water/DCM interface induced a similar cooperative polymerization process. In order to obtain
more insights of the polymerization process, we extend the model to rationalize the experimental
kinetics and the molecular distributions of the resulting polymers, by considering the multiple,
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competing pathways occurred at the water/oil interface as well as in the oil phase. For the reactions
initiated by amine capped PEG (Figure 16c), most PEG chains accumulate at the water/DCM
interface as suggested by the molecular simulation. Polymerization of NCAs starts from these
anchored macroinitiators with a modest rate constant k1 in the early stage (Scheme 6). We note
here the initiation step may have a slightly faster rate constant (ki) than k1, but can be regarded as
essentially of the same order. Once a critical length is reached (nucleus size s ~ 10 based on our
previous study), however, the growing polypeptide chains fold into stable α-helices possessing
strong macrodipoles. The chain propagation then proceeds with a larger rate constant k2, facilitated
by the cooperative effect of the α-helical macrodipoles assembled at the interface. For the
polymerization initiated from PEG-PBLG (Figure 16b, denoted as PEG-Ml* in Scheme 7), the
chain propagation proceeds directly into the second stage with the rate constant k2, as augmented
by the pre-existing helix (with a degree of polymerization of l larger than 10) in the macroinitiator.
One assumption in the model is that the polymers initiated from PEG-based initiators stay at the
interface, which is justified by the deep free energy well for PEG and PEG-PBLG at the
water/DCM interface. On the other hand, the central off-pathway reaction to be considered is the
water-initiated polymerization of NCAs from the water/oil interface (Scheme 5). The waterinitiated polymerization at the interface is described analogously as PEG initiator, with the
identical rate constants k1 and k2 in two successive growth stages, and only differs in the initiation
rate constant k'i (Scheme 5). However, since the confinement of PBLG at the water/DCM interface
is relatively weak (Figure 16g), the water-initiated chains tend to diffuse back into DCM, where
the chain propagation then proceeds at a rate constant (k'2) similar to that in DCM phase, due to
lack of strong cooperative effects in the molecularly dispersed state. By considering all these
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desired and undesired pathways, it is straightforward to write the kinetic equations corresponding
to the schemes, and find numerical solutions to them.

Water/DCM emulsion stabilized with inert PEG (mPEG-NHAc)
Scheme 5. Kinetic model for the water initiated reaction in water/DCM emulsion

The back diffusion is slow compared to the reaction rate and the diffusion equilibrium can’t be
reached until the reaction is almost done. Therefore, we ignore the back diffusion and only
consider the net diffusion from interface to the bulk DCM (i.e., k'd = 0).
Differential equations, with [X] representing the concentrations of various species:
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Water/DCM emulsion stabilized with PEG macroinitiators

Scheme 6. Kinetic model for the PEG initiated reaction in water/DCM emulsion

Differential equations:
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Water/DCM emulsion stabilized with PEG-PBLG marcoinitiators

Scheme 7. Kinetic model for PEG-PBLG initiated reaction in water/DCM emulsion
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Differential equations:

In all the cases, the water concentration at the interface is assumed to be constant. At t = 0,
[PEG] = [PEG]0 ×IE, where IE is the initiation efficiency of PEG.

5.4 Kinetic analysis and discussion
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The multi-pathway model was applied to the data generated from different macroinitiators (PEG
and PEG-PBLG) and the control experiment (water) (Figure 16e and 17a). The kinetic data
generated from PBLG initiated reaction in DCM (Figure 18b) was used as a control to obtain the
parameter k'2. The optimized fits shown in Figure 18a, all based on an identical set of rate constants,
demonstrate an excellent agreement between the model prediction and the experimental results.
Comparing k2 and k'2 reveals that the rate constant increases about 100 folds in magnitude from
0.075 M-1 s-1 in DCM to 7.6 M-1 s-1 at the water/DCM interface. Apparently, a strong cooperative
behavior is induced at the interface where the helical macrodipoles are in close proximity. Based
on the obtained kinetic parameters, the molecular weight distribution of the polymers were
predicted for different initiators (Figure 18c), which trend well with values obtained from GPC
characterization (Figure 16f and Figure 17b). In addition, our analysis suggests that 10% of NCA
monomers were consumed by water-initiated chains when PEG was used as the macroinitiator,
and the percentage drastically diminished to less than 0.1% with PEG-PBLG (Figure 18d).
Therefore, the chain growth from PEG or PEG-PBLG at the interface can easily outpace undesired
water-induced reactions. Particularly, the use of PEG-PBLG with pre-existing helices allows for
the propagation kinetics to directly enter the accelerated stage, resulting in the polymers with an
extremely narrow PDI.
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Figure 18. Kinetic analysis of NCA polymerization. | a, Kinetic data from various initiators (colored circles) was
fit with the cooperative kinetic model (black lines). Rate constants were determined as follows: k i = k1 = 0.24 M-1 s-1,
k2 = 7.6 M-1 s-1, k'i[H2O] = 4.5×10-7 s-1, kd = 1.3×10-4 s-1, and k'2 = 0.075 M-1 s-1. For simplicity, we assume the initiation
rate constant equals the propagation rate constant in the coiled state (ki = k1), as they have similar propagating
structures. In addition, we assume water-initiated PBLG with a DP > s has an irreversible diffusion from the interface
to oil phase (k'd = 0). b, PBLG initiated NCA polymerization kinetics in pure DCM (colored circles) was used as
control to obtain k'2. c, Simulated GPC-LS traces from various initiators predicted by the kinetic model. d, Prediction
of water competition in PEG-PBLG and PEG initiated polymerization in a w/o emulsion.

5.5 Conclusion
The competing model can successfully explain the kinetics for different initiators, PEG and
PEGPBLG, in the presence of water/DCM emulsion with a unique set of kinetic parameters. The
low fractions of NCA consumed by water in the presence of PEG and PEGPBLG prove that the
water induced side reaction can be effectively inhibited by the accelerated reaction on the
water/DCM interface. In addition, the pre-existed helices in PEGPBLG is key to accelerating the
main reaction to its fastest and to controlling the molecular weight.
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Chapter 6 Examination of the assumptions in the kinetic
model of nucleation controlled cooperative polymerization
6.1 Introduction
In the previous chapters, the simple two-stage CCP model and the adsorption incorporated CCP
model were developed and demonstrated to be able to explain well the trends of the kinetics of the
linear and brush polymerization of NCA[1] and the competing reactions in emulsion environment.
The adsorption incorporated CCP model further demonstrates its power in predicting the molecular
weight correctly. However, there are at least two unique aspects that have never been explicitly
considered in the existing covalent cooperative polymerization models. First, the size of critical
nucleus may need to be treated as a transition rather than a critical point as the critical event (say
helix formation) that triggers the rate acceleration may be a transition. Second, the principle of
equal reactivity, which is a fundamental assumption for many polymerization models, may no
longer be valid in cooperative covalent polymerization. This is because the strength of cooperative
effects can be a function of the polymer length as well as the interaction of the polymer chains.
The two parts—the size of critical nucleus with a transition and the unequal reactivity, will be
discussed in this chapter.

6.2 Nucleation controlled by a gradual transition rather than a fixed threshold
Previously, we treated the critical nucleus size, which is the turning point of structure change or
appearance of long-range electronic interactions, as a fixed number. That’s to say, the chance of
the transition from slow nucleation stage to fast growing stage is 0 when the chain size is smaller
than the critical nucleus size and 1 when the chain size is greater than or equal to the critical nucleus
size. Yet, in a lot of cases, the transition between the slow nucleation stage and the fast growing
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stage is not that sharp and happens in a continuous way or to put it another way, the transition is a
continuous probability function of the chain size.

6.2.1 Incorporation of the helix-coil transition theory into the nucleation controlled
cooperative polymerization model
In the case of polypeptides, the coil-helix transition won’t be turned on or off completely once it
reaches certain degree of polymerization but rather follows the Schellman distribution (Eq. 5) with
a certain chance to happen at certain degree of polymerization[2, 3]. For short chains, we treat it as
all coil or all helix. Thus, the helicity predicted by Schellman function will be equal to the fraction
of chains that adopt helix structure. With this, we incorporated the Schellman distribution into the
two-stage cooperative polymerization model. The sharpness and the middle point of the helicity
(theta)-DP curve can be controlled by the coil-helix folding equilibrium constant K and the
cooperative factor σ (inset of Figure 19a). By varying K and σ, we fixed the middle point at
DP=s=10 and compared the impact of the sharpness of the coil-helix transition on the kinetic
curves and the molecular weight distribution. Figure 19 shows that the wider is the helicity (theta)DP curve, the earlier the kinetic curve will enter the fast-growing stage, the narrower is the
molecular weight distribution and the smaller is DP/DP*.

Figure 19. The impact of the coil-helix transition on the polymerization kinetics of NCA. | Comparison of kinetic
curves (a) and molecular weight distributions (b) simulated with adsorption CCP model incorporated with or without
Schellman distribution. k1=0.05 M-1s-1, kon=10 M-1s-1, koff=1 s-1, kr=0.5 s-1, [M]0/[I]0=50, [M]0=0.1 M.
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6.2.2 Kinetic analysis and discussion
For now, we’ve concerned ourselves with reactions at the same temperature at which the nucleation
behavior will be more or less invariant. For reactions at different temperatures, the nucleation
behavior will change due to the change in folding equilibrium constant, association constant, etc.
We analyzed the kinetic behavior of the NCA polymerization initiated by the linear scaffold of
initiators at different temperatures using the simple two-stage CCP model and found that the
critical nucleus size is indeed different at different temperatures (Figure 20).

Figure 20. The kinetic analysis of NCA brush polymerization in DCM at different temperatures with the simple
two-stage CCP model. | The critical nucleus sizes were determined from the best fit (red curve) to be 7, 7, 10, 11 for
0 C, 10 C, 22 C and 40 C, respectively.

To fit the temperature dependent kinetic curves globally, we decide to use the Schellman
distribution to describe the nucleation behavior (coil-helix transition) rather than using a fixed
number as the transition threshold. The folding equilibrium constant and the rate constants are
described as functions of temperature as below.
𝑲 = 𝒆𝒙𝒑(−
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With the application of the Schellman distribution incorporated CCP model, the four temperature
dependent kinetic curves can now be fitted globally (Figure 21). But to obtain unique fitting
parameters, we need either to obtain more temperature controlled kinetic curves or to study the
helix-coil transition at equilibrium at different temperatures.

Figure 21. The kinetic analysis of NCA brush polymerization in DCM at different temperatures with the
Schellman distribution incorporated simple two-stage CCP model. | a. The global fit (red curves) of the
temperature dependent NCA polymerization kinetic data (colored circles). Ea1= 54 kJ/mol, A1=4.1*108, Ea2=75 kJ/mol,
A2=3.5*1014, 𝛥𝐻 =12 kJ/mol, 𝛥𝑆 =61 J/(mol*K), σ=1.3*10-4. b. The simulated helicity (theta)-DP curves from the
fitted parameters.

6.3 Unequal reactivity
Traditionally, we assume that the reactivity of the functional groups is independent of DP (degree
of polymerization) in the polymerization. And this assumption is found to be valid in explaining
the polymerization kinetics in many of the traditional polymerizations[4-6]. However, in the
cooperative polymerization, as the cooperative effect, which is caused by the structural element[1]
or electronic interactions[7], might change as the chain length changes, the reactivity might be a
function of the degree of polymerization instead. The relationship between the reactivity and the
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degree of polymerization will be largely decided by the origin of the cooperative effect and the
geometry of the growing system. Here we demonstrate one example with the rate constant in the
second stage of the simple two-stage CCP model being an exponential function of the degree of
polymerization 𝑘2 = 𝑘20 ex p( − 𝑎 ∗ (𝑖 − 𝑠)), where 𝑘20 is the growing rate constant when the
active chains just reach the critical degree of polymerization 𝑠, 𝑎 is the decay factor and 𝑖 is the
actual degree of polymerization. When all the rate constants and 𝑠 are fixed, increasing the decay
factor 𝑎 can apparently slow down the reaction in the second stage, i.e. decreasing the cooperative
effect (Figure 22a), and lead to smaller DP/DP* and narrower molecular weight distribution
(Figure 22b).

Figure 22. Simulation with unequal reactivity | Simulated kinetic curves (a) and molecular weight distributions (b)
with k1=0.05 M-1s-1, k20=5 M-1s-1, s=10, [M]0/[I]0=50, [M]0=0.1 M, a=0, 0.001, 0.005, 0.01, 0.02, 0.05.

6.4 Conclusion
In this chapter, we demonstrated how to treat the critical nucleus size as a transition and its
application in analyzing the temperature dependent kinetics and the influence of unequal reactivity
on the kinetics and the molecular weight distributions. We hope it could contribute to the
understanding of more systems that have the irreversible cooperative behavior induced by
structural changes, electrostatic interactions or other factors.
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